We present an extensive data set of particle attenuation (c p ), backscattering (b bp ), and chlorophyll concentration (Chl) from a diverse set of open ocean environments. A consistent observation in the data set is the strong coherence between c p and b bp and the resulting constancy of the backscattering ratio (0.010 ± 0.002). The strong covariability between c p and b bp must be rooted in one or both of two explanations, 1) the size distribution of particles in the ocean is remarkably conserved and particle types responsible for c p and b bp covary, 2) the same particle types exert influence on both quantities. Therefore, existing relationships between c p or Chl:c p and phytoplankton biomass and physiological indices can be conceptually extended to the use of b bp . This finding lends support to use of satellite-derived Chl and b bp for investigation of phytoplankton biomass and physiology and broadens the applications of existing ocean color retrievals.
Introduction
Ocean color satellites measure the water leaving radiance originating from a thin layer just beneath the surface of the ocean, which is analytically and empirically related to the absorbing and scattering constituents contained therein [1, 2] . Thus, in situ measurements of absorption and scattering are critical for developing and validating models relating satellite measurements to in-water optical properties, and consequently, the biogeochemical processes which affect them. The particulate scattering coefficient (b p ) quantifies the intensity of total scattered light (neglecting water) and is composed of a large forward component and a small (~1%) backward component (b bp ) which contributes to satellite reflectance measurements [3, 4] . These two scattering indices have been theoretically linked to two distinct types of particles, predominantly distinguished by their size. Small (<1µm) non-living particles are thought to determine the magnitude of backscattering based on Mie theory calculations, while larger (~0.5-20µm) particles preferentially affect the forward scattering [5, 6] . This larger size fraction overlaps the size domain of most phytoplankton in the ocean and evidence has been presented which relates b p (or nearly equivalently, c p , the particulate beam attenuation coefficient) to phytoplankton biomass and physiology [7] [8] [9] [10] On the other hand, no direct evidence exists supporting the relationship between b bp and the sub-micron particle pool, due to experimental difficulties measuring the latter. Nevertheless, it is routinely accepted that these small particles greatly influence b bp (but see [11, 12] ).
Recently, other investigators have proposed that b bp can instead, be related directly to phytoplankton biomass [13, 14] . This proposition should be valid under at least two different scenarios, (1) phytoplankton directly contribute a significant fraction of b bp in addition to, or instead of, the presumed sub-micron particle assemblage and/or (2) small and large particles strongly covary in the open ocean. Towards this end, recent evidence suggests phytoplankton may in fact contribute more to b bp than is currently apportioned based on Mie theory alone [12] . Modeling studies incorporating more detailed descriptions of phytoplankton morphology and internal structure also share this finding [15] and in a recent review of backscattering in the ocean, Stramski et al. [11] clearly document theoretical shortcomings in explaining existing observational data sets. In addition, reports that the b bp :b p ratio is relatively constant across diverse oceanic environments [16, 17] are becoming more widespread with the advent of easy-to-use commercially available backscattering meters. Despite these findings, reluctance towards using b bp to study phytoplankton has been strong, due to the prevailing paradigm suggesting that "small, non-living" particles determine the magnitude of backscattering in the open ocean.
The objective of this work is to investigate the covariability between c p and b bp in different regions of the global open ocean based on extensive shipboard data collected in diverse environments. We compare and contrast our data with existing results in the literature and show a consistent, quantitative relationship between the two scattering indices and between regions.
Methods
All of the in situ data presented here were collected during four cruises to the Equatorial Pacific Digital measurements were collected with the same experimental setup on all four cruises using the ship's clean water supply in a quasi-continuous manner. In addition, periodic comparisons were made between this "flow-through" water source and surface seawater collected with a traditional CTD rosette for validation (see Discussion). Subsequent data processing of optical measurements was also consistent between the four cruises, thus minimizing or eliminating methodological differences.
Bio-optical data were collected with a suite of instruments including a hyperspectral absorption-attenuation meter (ACs), multispectral backscattering sensor (ECO-BB3), and 2 single wavelength C-Star transmissometers (526 & 660 nm). Prior to interrogation by the instruments, surface seawater was passed through 2 consecutive vortex debubblers and an electronically actuated valve programmed to divert seawater flow through a 0.2 µm nylon cartridge filter for 10 minutes each hour. For the remaining 50 minutes of each hour, seawater flow was uninterrupted and constitutes "bulk" measurements. Piecewise linear interpolation of the 0.2µm filtered periods provides a baseline primarily representing "dissolved" substances, but also including calibration uncertainties and short term bio-fouling. Subtraction of the baseline from bulk absorption and attenuation measurements yields calibration independent particulate optical quantities, with uncertainties at the level of instrument precision [12, 18] .
All subsequent processing of AC-s, C-Star, and ECO-BB3 data followed procedures described in [12] . Particulate backscattering, b bp (λ), was measured reliably at two wavelengths (470 and 526 nm), but in the current analyses, we report measurements at a single wavelength, 526 nm, as results at other wavelengths are similar.
Results
Chlorophyll concentrations varied over three orders of magnitude across data sets from extremely oligotrophic (<0.05 mg m . On average, particulate absorption at 526 nm, a p (526), was a near-negligible fraction of c p (526) (~4 ± 1%), such that c p ≈b p . This is true across most of the visible spectrum, except near the phytoplankton absorption maximum in the blue (~440 nm) and is noteworthy for comparison with historical relationships which may use b p or c p , whereas we will consider them equivalent (see also [19] ). Figure 1A shows b bp (526) plotted versus c p (526) for the four cruises. The number of data points (N~10 5 ) requires a bivariate histogram to see underlying trends. A weighted linear least squares regression applied to all data yields a slope of (9.1 ± 0.4) × 10 −3 and an intercept of (2.0 ± 0.1) × 10 −4 m −1 (r 2 = 0.92, uncertainties estimated from 1000 bootstrap samples). The resulting backscattering ratios (dimensionless) are shown in Fig. 1B and can be described by a median value ± the percentile range equivalent to a standard deviation around a normal distribution. For the Equatorial Pacific, North Atlantic, Mediterranean Sea, and Northeast Pacific these values are 0.011 ± 0.001, 0.010 ± 0.002, 0.010 ± 0.002, and 0.012 ± 0.003 respectively. The full range of the four data sets, described by the 5th-95th percentile range, is 0.007-0.015. [19] at low Chl, but deviate significantly at higher Chl, which in our data set come almost exclusively from the North Atlantic. However, the fit derived by Loisel and Morel [19] when their own North Atlantic data were included is in good agreement with data presented here (normalized median bias (NMB), X measured -X modeled / X measured *100 ~11%, consistent with the difference in acceptance angles of the instruments used in the two studies). Loisel and Morel [19] assumed that this increased scattering per unit chlorophyll observed when the North Atlantic data were included was due to the presence of coccolithophorids and/or detached liths. On the contrary, in our data set, coccolithophorids and their liths were not observed in flow cytometric and microscopic measurements [22] . Also, the backscattering ratio, which was unavailable to Loisel and Morel [19] , is not significantly higher in the North Atlantic data presented here than in the other data sets (Fig. 1B) . The backscattering of coccolithophorids and their liths is a hallmark of their presence and is the basis for their detection in satellite ocean color data [23] .
Similarly, b bp (526) from the North Atlantic is significantly higher than expected based on the relationships of Morel and Maritorena [21] , while agreement improves at lower chlorophyll concentrations (Fig. 2C) 
Discussion
The accuracy and precision of the measurements presented here can be evaluated with a limited number of overlapping measurements for chl, c p , and b bp . Discrete matchups with HPLC-derived Chl are in excellent agreement (Fig. 3A) , median bias in ACs-based Chl estimates is −0.002 ± 0.067 mg m −3 (NMB = −2% ± 18%). Similar matchups of c p with transmissometers mounted on the CTDs of each cruise also compare well, median bias is 0.0001 ± 0.031 m −1 (NMB = −0.2% ± 11.4%) (Fig. 3B) . Comparisons with independent b bp estimates were only available for the subset of data taken from the North Atlantic and are shown in Fig. 3C . One caveat is that the sensors, although identical, measured at different wavelengths (526 and 700 nm for the underway and CTD-mounted instruments, respectively) and it might be expected a priori that b bp values be slightly higher at 526 nm than 700 nm depending upon the slope of the backscattering spectrum. However, in highly productive regions such as the North Atlantic, we can expect the backscattering spectrum to be relatively flat (slope~0, e.g., [24, 25] ) and spectral differences to be minimal. The median ratio of the underway to CTD b bp values is 1.04 ± 0.07 suggesting that underway b bp values are ~4% higher. Thus, the values we present are robust and have no significant biases. Although it is impossible to determine the exact reason for this observation with current data, one intriguing hypothesis is that phytoplankton-sized particles contribute significantly to both c p and b bp [10, 12] . Indeed, for much of the ocean, c p variability reflects phytoplankton biomass [9, 10] . Given the universal coherence between c p and b bp found here, it would appear that b bp conveys similar information. Arguments against this possibility rely on [Mie] theoretical results which have documented shortcomings in their treatment of phytoplankton attributes [28] . Nevertheless, if this observation holds true, utilization of b bp as a proxy for phytoplankton biomass and the Chl:b bp ratio as a phytoplankton physiological index should be possible [13, 14] .
One point of departure between these data and those previously reported (e.g., [19, 20] ) is the seemingly poor relationship between Chl and c p or b bp . This is in contrast to the usual presumption that the two scattering indices smoothly vary as a function of Chl, albeit with some degree of noise (c.f., large amount of scatter in Fig. 3A of [19] ). Although the first order dependence is indeed due to biomass (and thus Chl by association), there are several reasons to expect significant dispersion in either of these relationships. Differences in cell size, photoacclimation state, and nutrient limitation (particularly with respect to iron) will all exert control on cellular chlorophyll content, and thus, the apparent chlorophyll per unit scattering (or backscattering). The collective data set presented here spans a large gradient in each of these factors and a simple qualitative accounting due to each provides insight to the individual Chl:c p distributions seen in Fig. 2B . For example, the oligotrophic Mediterranean Sea data can be characterized as Synechococcus and Prochlorococcus dominated (from HPLC data, not shown) which are high-light and low-nutrient acclimated. The small size of these phytoplankters (cell diameter ≤ 1µm) and their subtropical, high light environment give them the smallest Chl:c p ratio (Fig. 2B) . In contrast, the springtime North Atlantic data were collected under diatom-rich conditions (HPLC data, not shown) having typical sizes from ~10µm to greater than 100µm. Acclimation irradiances were presumably quite low based on the time of year (May), high latitude (~62°N) and moderately deep mixed layer depths (~40-50 m, not shown). The combined effects of these growth conditions result in the highest Chl:c p values observed (Fig. 2B) . Last, we know that the Equatorial Pacific and subarctic North Pacific are chronically iron limited regions, while the North Atlantic and Mediterranean are generally not, making iron effects on intracellular Chl and growth an important consideration also.
In summary, we show that variance around the b bp :c p ratio over its entire range is much smaller than that of the Chl:c p or Chl:b bp ratio, suggesting that the two scattering indices, c p and b bp , are better related to one another than either are to the traditional pigment biomass index, Chl. The quality and unprecedented number of observations reported here gives a fresh view of how these properties are related (or not) to one another. Unfortunately, we do not currently have all the data required to confirm reasons for the coherence of b bp and c p , nor the variability in Chl:c p and Chl:b bp ratios. However, expected variability in these ratios due to environmental factors is consistent with their observed distributions. It follows that relationships between c p and phytoplankton biomass [8] , or between Chl:c p and phytoplankton physiological indices [9] , can be conceptually extended to the use of b bp . This finding lends support to the use of satellite-derived Chl and b bp for investigation of phytoplankton biomass and physiology and broadens the applications of existing ocean color retrievals. Ongoing validation in different oceanic environments, particularly the oligotrophic subtropical gyres, is nevertheless, desirable.
